ABSTRACT Rare individuals of Xenopus laevis exhibit frequent initiation of transcription in the spacers of oocyte ribosomal DNA (rDNA). Using electron microscopy we have characterized spacer transcription in such an individual and have confirmed that the sites of transcription initiation correspond to the imperfectly duplicated promoters ("Bam islands") present in the X laevis rDNA spacer. We have cloned a repeat unit containing a gene and a spacer from this individual and have injected the recombinant plasmid, pXlr 164, into oocytes of other X. laevis individuals. In electron microscope preparations the spacers of some of the cloned repeats were transcribed by RNA polymerase I. This demonstrates that the ability to initiate transcription at the Bam islands is a property of the spacer DNA. On pXlr 164, initiation in the spacer occurred about 5% as frequently as transcription from the gene promoter. However, transcribed spacers were as closely packed with RNA polymerase as was the gene. We conclude that polymerase I promoters may vary over a wide range in the frequency with which they "activate" but that once activated all can load polymerases to maximal density. The presence or absence of spacer transcription had no observable effect on either the frequency of activation or the density of polymerase loading of the gene immediately downstream. A subclone, pXlr 264, containing only spacer DNA also showed regular initiation and termination, providing further evidence that there is an effective "fail-safe" termination signal 225 base pairs upstream from the rRNA gene initiation site.
The genes for the large rRNAs of higher eukaryotes occur in tandemly repeated units. Each unit of ribosomal DNA (rDNA) is composed of a region that is transcribed into the precursor molecule for 28S, 18S, and 5.8S rRNA and a region that is often not transcribed, the spacer. Studies of the control of transcription of Xenopus laevis rDNA have shown that relatively short regions at the two ends of the spacer are essential for normal initiation and termination by RNA polymerase I (1-3). However, the functional significance of the remaining several kilobase pairs of spacer remains unclear, despite fairly complete knowledge of its DNA sequence (4) .
One intriguing feature of X. laevis rDNA spacers is that they contain a variable number of imperfect duplications of a 149-base pair (bp) sequence that contains the rRNA gene promoter (5, 6) . The spacers of other Xenopus species (7) and Drosophila melanogaster (8) (9) (10) (11) also contain apparent promoter duplications. Transcription is occasionally found in rDNA spacers (12) (13) (14) (15) , and both electron microscopy of oocyte rDNA (16) and transcript mapping of tissue culture RNA (17) have localized the sites of initiation in X. laevis spacers to the promoter duplications, or "Bam islands" (18) . The promoter duplications of the D. melanogaster spacer have also been shown to initiate transcription in vitro (8, 19) and in embryos (11) .
In rare individuals of X. laevis initiation of transcription occurs in a large proportion of the spacers in amplified oocyte rDNA (16, 20) . We have identified such an individual and have cloned one of its rDNA repeat units. Using electron microscope preparations we have compared the transcription observed on the endogenous rDNA of this animal to that seen when the cloned repeat or a subclone containing just the spacer are injected into oocytes of other individuals. Our results show that the occurrence of spacer transcription is a property of the spacer DNA sequence and are discussed with respect to polymerase I promoter activity and the functional significance of spacer transcription.
MATERIALS AND METHODS
Cloning of rDNA Repeat Units. High molecular weight DNA was prepared (21) from the liver of a X. laevis female, Pr3, that exhibited high-frequency spacer transcription. Three hundred micrograms of DNA was digested with HindIII and fractionated on a malachite green column (22) , and the 60 DNA-containing fractions were electrophoresed on an agarose gel. Two ethidium bromide-stained bands of about 11 and 13 kilobase pairs (kb) were seen in six of the high-G+C fractions, and such bands have been shown by hybridization to be rDNA fragments (R. Steele, personal communication). DNA in each of the two bands was eluted and ligated into the HindIII site of pBR322, and the ligation mix was used to transform Escherichia coli strain HB101. Three clones contained inserts of the 13-kb band (pXlr 162-164) and four clones contained inserts of the 11-kb band (pXlr 12.2-12.5). The insert in pXlr 164 (Fig. 1) (24) containing 500 ug of a-amanitin per ml and 120 pg of circular plasmid DNA by using the methods of Kressmann and Birnstiel (25) . Injection of this amount of a-amanitin into oocytes effectively limits transcription to RNA polymerase I (1). We initially injected 5 ng of DNA per oocyte and found no more transcriptionally active plasmids than when 120 pg was used. After [16] [17] [18] [19] [20] hr of incubation at 20°C, the contents of one or two nuclei were dispersed in pH 9 water and centrifuged at 25,000 x g onto single electron microscope grids (1, 26 
RESULTS
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Pr3. In electron microscope preparations of amplified ribosomal genes from oocytes of female Pr3 the majority of the spacers bore the thin-to-thick gradients of ribonucleoprotein fibrils that constitute transcription units (Fig. 2a) Measurements from micrographs of the lengths of both transcribed and nontranscribed spacers are plotted in Fig. 3A . Two discrete classes of spacer length were apparent-"short" spacers, which were 32-38% of gene length, and "long" spacers, which were 53-82% of gene length. Because the gene contains about 7.5 kb of DNA, the average short spacer would be equivalent to 2.6 kb and the average long spacer would be equivalent to 5.2 kb. These values are probably underestimates because nontranscribed spacer DNA is likely to be more contracted than DNA of the transcribed gene in chromatin spreads (27 (1, 29, 30) , and it exhibited a transcription unit with the expected length, high polymerase density, and transcript morphology (Fig. 4a) . Of 124 plasmids examined, in which the gene was fully active and the spacer discernible, 5 exhibited spacers with transcription units (Fig. 4 b and c) (i) In morphology the transcription units closely resembled those of the endogenous and pXlr 164 spacers. The pXlr 264 transcripts were tightly packed together but were more compact and granular compared to rRNA transcripts and they lacked the terminal granules of rRNA transcripts. Like spacer transcripts, the transcripts on pXlr 264 also seemed somewhat more refractory to spreading than rRNA transcripts or the read-through transcripts of pBR322 seen in other plasmid constructions (e.g., pXlr 14D; see ref. 1).
(ii) Sixteen of the better-spread transcription units were measured (Fig. 3C) and the largest covered 50-58% of the total length of the spread plasmid. The largest transcription unit predicted from initiation and termination solely within the insert would begin at Bam island a and would cover at most 4.3 kb of DNA. If all of the plasmid DNA remained equally uncontracted such a transcription unit would represent 48% of total plasmid length, but if only the pBR322 component .exhibited a full 2-fold compaction due to nucleosome packaging (1, 29) , a 4.3-kb transcription unit would represent 62.3% of total plasmid length. Because the degree of compaction probably falls between these extremes, judging from the appearance of the spread plasmids, the length covered by even the largest transcription units seen on pXlr 264 is consistent with transcription solely from the insert without any transcription of pBR322.
(iii) The transcription units were of variable length but appeared to fall into several classes (Fig. 3C) . Over 60% of the transcription units were in the largest class and averaged 1.01 pum in length, or 52.3% of plasmid length (n = 12). As noted above, these transcription units are of the size expected for initiation at Bam island a of the -insert, followed by termination near the other end of the insert. Although there is no internal standard transcription unit on the same molecule, by comparing the lengths of the smaller transcription units with the absolute and percentage lengths of the large class of transcription units it appeats as though the smaller transcription units can be roughly correlated with initiation in the cloned spacer at Bam islands b-d. In addition, analysis of the pXlr 264 transcription units showed that the relative frequencies of each size class were much the same as found for the endogenous amplified spacers of Pr3 (compare Fig. 3 B and C) . In both cases transcription units that apparently initiated at Barn island a were by far the most frequent, and progressively fewer initiations occurred at more distant Bam islands.
Although it is difficult to gauge the total number of active plasmids per oocyte by these methods, it was clear that transcription units were seen much more frequently on pXlr 264 than in the spacer of pXlr 164 after injection of the same amount of DNA.
DISCUSSION
We have shown that a member of a class of rDNA spacers that exhibited high levels of transcription in amplified oocyte rDNA was transcribed by polymerase I when cloned and injected into oocytes. The sites of transcription initiation appeared to be the same in both the endogenous and cloned spacers and corresponded to the imperfectly duplicated polymerase I promoters (Bam islands) present in the X. laevis rDNA spacer. Other Xenopus rDNA plasmids that have been assayed by electron microscopy have shown virtually no spacer transcription compared to the amounts seen on plasmids pXlr 164 and pXlr 264 (refs. 1, 29, and 30 and see above).
The most obvious explanation for the enhanced initiation in pXkr 164 is that its Bam islands are more active promoters than those of other spacers examined. Three Bam islands from two different cloned spacers have been subjected to sequence analysis (6, 31) ; within the 149 bp that constitute the promoter duplication, all three show differences from the rRNA gene promoter at the same 14 or 15 positions and the islands differ from each other at 1 or 2 positions. It seems possible that the DNA sequences of the Bam islands in pXlr 164 are more similar to the sequence of the gene promoter than are the Bam islands of transcriptionally inactive spacers.
Electron microscope observations of both endogenous and cloned ribosomal genes lead us to the conclusion that once a particular polymerase I promoter is "activated" it loads polymerases at maximal density. However, the frequency with which a given promoter is activated can vary over a wide range. For example, on pXlr 164 any individual Bam island promoter was activated at only 1% of the frequency seen for the gene promoter, yet all of the promoters on pXlr 164 loaded polymerases at maximal density once activated. It is possible that spacer promoters and the gene promoter compete at the level of activation because more transcribed spacers were observed when the spacer alone was injected (pXlr 264) compared to the number seen when -spacer and gene promoters were injected together (pXlr 164). Again we note that regardless of the frequency of activation of a particular promoter, once activated it loaded polymerases at maximal density.
The frequency of spacer promoter activation on pXlr 164 was considerably lower (5% of all transcribing plasmids) than that observed on its endogenous counterparts (70% of the-long class of spacers). This could be due to the fact that injected plasmids are assayed relatively soon after injection and more closely reflect differences in the instantaneous rate of promoter activation. By contrast, the endogenous spacers have the chance to accumulate activated promoters over a period of weeks to months.
The frequency with which spacer transcription is observed on the endogenous amplified rDNA of X. laevis varies from individual to individual (16, 20) . In most females only a few or no spacers are transcribed; however, in occasional -individuals the majority of the spacers are transcribed. Our results suggest that this variation is likely due to differences in the activation rate of various spacer promoters that reflect differences in spacer DNA sequences. It seems unlikely that this variation is due to differences in the transcription machinery of oocytes from different females.
Moss (17) has reported that decreasing the amount of spacer attached to a rRNA gene promoter reduces the ability of that promoter to initiate transcription when assayed in competition Biochemistry: Morgan et al.
with a wild-type gene and spacer unit. We have recently observed what may be a related phenomenon when rRNA genes are injected into Xenopus embryos (32) . In embryos the presence of a spacer stimulated transcription from a gene promoter 5-to 10-fold. We propose that both of these phenomena are due to the spacer's influence on the frequency with which gene promoters are activated, because we have previously shown that the spacer is dispensable for the high-density polymerase packing characteristic of oocyte rRNA genes (1). We disagree with the suggestion of Moss (17) that the effect of the spacer on rRNA gene initiation is via the transcriptional activity of polymerases bound to the spacer. Not only is spacer transcription highly variable in occurrence, our results with pXlr 164 show that spacer transcription neither enhances polymerase density nor the frequency of activation of the gene immediately downstream.
Although initiation of transcription in the spacers of endogenous rDNA and the isolated spacer of pXlr 264 may occur at any Bam island, we found a marked preference for initiation at the Bam island located furthest upstream of the gene (see also ref. 16 ). This preference can be explained in several ways: perhaps the different Bam islands have different sequences and hence different promoter strengths; perhaps there is inherent polarity in the spacer that favors initiation at the most upstream site; or perhaps initiation is random at first but after continual reinitiation transcription from upstream Bam islands eventually occurs and turns off initiation at downstream ones.
Termination of transcription on pXlr 264 was always complete and, although not yet proven formally, it is probably due to a termination signal in the insert itself. Observations of endogenous spacer transcription and the behavior of rRNA gene plasmids that lack the gene's termination sequence (1) have indicated that there is a strong fail-safe termination signal just upstream of the gene. As shown in Fig. 2b , fail-safe termination occurs even when the adjacent gene is inactive and thus presumably results from a signal in the DNA sequence rather than from downstream promoter activity. By analogy with the DNA sequence at the termination site of the rRNA gene, Sollner-Webb and Reeder (6) identified a short sequence centered 225 bp upstream of the gene initiation site (-225) that could be a. fail-safe termination signal. Analysis of spacer transcripts by S1 nuclease protection has also mapped the 3' terminus of spacer RNA to this region (17) . Because the spacer cloned in pXlr 264 extends to the Hinfl site at -124, the regular termination observed in pXlr 264 indicates that sequences around -225 are sufficient to provide a functional signal for termination. The fail-safe termination signal included on pXlr 264 resulted in both transcript and polymerase release.
Finally, the interaction of transcription units on plasmid molecules is of interest. On pXlr 164 an active spacer transcription unit was only seen on plasmids that also bore an actively transcribed gene. We do not know how initiation at these two sites is linked, but in another experiment (30) two genes that were located on the same plasmid but oriented in opposite directions and separated by pBR322 DNA initiated independently of one another. These observations raise the possibility that the activity of promoters may be related to the existence of functional domains on injected plasmids. The presence of two complete transcription units on some pXlr 164 molecules does show that simultaneous initiation at two promoters on the same plasmid molecule is possible.
Note Added in Proof. We have not found any differences between duplicated promoters from the spacers of pXlr 164 and pXlr 101A with respect to either their DNA sequence or their activity as promoters when isolated from the rest of the spacer. Some other peculiarity of the DNA sequence or organization of the spacer in pXlr 164 is presumably responsible for the enhanced initiation that we have seen in this spacer and its endogenous counterparts.
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